We present the results of full new calculation of radiocarbon 14 C production in the Earth atmosphere, using a numerical Monte-Carlo model. We provide, for the first time, a tabulated 14 C yield function for the energy of primary cosmic ray particles ranging from 0.1 to 1000 GeV/nucleon. We have calculated the global production rate of 14 C, which is 1.64 and 1.88 at/cm 2 /sec for the modern time and for the pre-industrial epoch, respectively. This is close to the values obtained from the carbon cycle reservoir inventory. We argue that earlier models overestimated the global 14 C production rate because of outdated spectra of cosmic ray heavier nuclei. The mean contribution of solar energetic particles to the global 14 C is calculated as about 0.25% for the modern epoch. Our model provides a new tool to calculate the 14 C production in the Earth's atmosphere, which can be applied, e.g., to reconstructions of solar activity in the past.
Introduction

1
50% from each other, leading to large uncertainty in the global 14 C production rate. Therefore, the present status is 22 that models providing the yield function are 30-50 years old and have large uncertainties.
23
In addition, there is a systematic discrepancy between the results of theoretical models for the 14 C production 24 and the global average 14 C production rate obtained from direct measurements of the specific 14 CO 2 activity in the 25 atmosphere and from the carbon cycle reservoir inventory. While earlier production models predict that the global 26 average pre-industrial production rate should be 1.9-2.5 atoms/cm 2 /sec, estimates from the carbon cycle inventory
27
give systematically lower values ranging between 1.6 and 1.8 atoms/cm 2 /sec (Lingenfelter, 1963; Lal and Suess, 1968; 28 Damon and Sternberg, 1989; O'Brien et al., 1991; Goslar, 2001; Dorman, 2004) . This discrepancy is known since 29 long (Lingenfelter, 1963) but is yet unresolved (Goslar, 2001) .
30
In this work we redo all the detailed Monte-Carlo computations of the cosmic-ray induced atmospheric cascade 31 and the production of 14 C in the atmosphere to resolve the problems mentioned above. In Section 2 we describe the 32 numerical model and calculation of the radiocarbon production. In Section 3 we compare the obtained results with 33 earlier models. In Section 4 we apply the model to calculate the 14 C production by galactic cosmic rays and solar 34 energetic particle events for the last solar cycle. Conclusions are presented in Section 5. tracked through the atmosphere until they undergo reactions with an air nucleus, exit the atmosphere or decay. In 51 particular, secondary neutrons were traced down to epi-thermal energy. Simulations are computationally intensive.
52
Simulations of single energies (ranging from 0.1 to 1000 GeV/nuc) were conducted, to determine the resulting flux of ity/energy ratio, nuclei with Z > 2 were considered as effectively α−particles with the scaled number of nucleons (cf.
60
Usoskin and Kovaltsov, 2008).
61
As the main result of these detailed computations we calculated the 14 C yield function. The yield functions for pri-62 mary protons and α−particles are tabulated in Table A .1 and shown in Fig. A .1 (the energy range above 100 GeV/nuc 63 is not shown). Note that the yields (per nucleon with the same energy) are identical for protons and α−particle, viz.
64
an α−particle is identical to four protons, at energies above 10 GeV/nuc. Details of the computations are given in 65 Appendix Appendix A. All further calculations are made using these yield functions.
66
In order to compute the 14 C production q in the atmosphere at a certain place and conditions/time, one can use the 67 following method:
where E is the particle's kinetic energy per nucleon, J i is the spectrum of primary particles of type i on the top of the 69 atmosphere, E ic in GeV/nucleon is the kinetic energy per nucleon corresponding to to the local geomagnetic rigidity 70 cutoff P c in GV.
where E r = 0.938 GeV/nucleon is the proton's rest mass. Summation is over different types of the primary cosmic 72 ray nuclei with charge Z i and mass A i numbers. The local geomagnetic rigidity cutoff is roughly defined via the 73 geomagnetic latitude λ G of the location as following (Elsasser et al., 1956) where cosmic rays is usually smaller than 1%) the global production can be written as:
where the function
corresponds to sin(λ G ) and accounts for the spatial average with the effect of the geomagnetic cutoff.
82
Substituting any particular particle spectrum J i into Eq. 4 one can evaluate the 14 C production rate for different 83 populations of cosmic rays, e.g., galactic cosmic rays (GCR), solar energetic particles (SEP), or more exotic sources 84 like a nearby supernova explosion.
85
First we consider the main source of 14 C, GCR modulated by the solar activity, using the standard approach. The 
where φ (e.g., Usoskin et al., 2005; Webber and Higbie, 2009; Herbst et al., 2010; O'Brien, 2010 
where 
99
The global 14 C production Q by GCR depends on two parameters, the solar magnetic activity quantified via the , 2007; Steinhilber et al., 2008) . Thus, changes of the solar modulation can also lead to a factor of 110 2-3 variability on the global 14 C production rate.
111
Next we investigated the sensitivity of Q to the energy of GCR. In Fig. A.3 we show the relative cumulative 112 production of 14 C, viz. the fraction of the total production caused by primary cosmic rays with energy below the given
113
value E, as a function of E for different conditions. Often the median energy (the energy which halves the production)
114 is used as a characteristic energy (e.g., Lockwood and Webber, 1996) , which is the crossing of the curves in is ground-based while 14 C is produced in the entire atmosphere.
120
As an example, we calculated the 14 C production predicted by the model for the last 60 years (see Earth's magnetic field. The mean radiocarbon production for that period is Q = 1.64 atom/cm 2 /sec, with 124 the variability by a factor of two between 1.1 (in 1990 solar maximum) and 2.2 (in 2010 solar minimum) atom/cm 2 /sec.
125
The mean 14 C production for the pre-industrial period (1750-1900) calculated using the GCR modulation recon-126 struction by Alanko-Huotari et al. (2007) and paleomagnetic data by Korte et al. (2011) for a prescribed GCR spectrum in the form given by (Garcia-Munoz et al., 1975; Castagnoli and Lal, 1980) , which
146
is different from the spectrum we use here (adopted from Usoskin et al., 2005; Herbst et al., 2010) . Thus, in order to 147 compare our results with those of MB09, we repeat our computations based on Eq. 1 to compute the global production 148 Q * but using the same spectrum as MB09. The result for Q * is shown by the grey curves in Fig. A .5. The overall 149 agreement is within 5% but Q * value is systematically higher than that of MB09. The 5% difference can be related 150 to the slightly different numerical scheme and also to the fact that MB09 treated an α−particle as four protons while
151
we simulated them straightforwardly. In addition, the way of considering the geomagnetic shielding by MB09 is 152 simplified (scaling) compared to our consideration (direct computations). We also compared the proton contributions
153
(two dashed curves in Fig. A.5) to Q for the GCR spectrum discussed here (Eq. 6) and that used in MB09. The 154 curves are nearly identical, suggesting that the difference in the used proton spectra is small and cannot be a cause
155
for the observed systematic difference. We however notice a great difference between the α− (and heavier) particle 156 spectra used here and in MB09. MB09 assumed of 12% for α− and 1% for heavier particle fraction in LIS (leading 157 to ≈0.64 nucleonic ratio between heavier species to protons in GCR) basing on the data from Simpson (1983). On 158 the other hand, modern measurements (e.g., AMS, PAMELA) suggest that α−particles above 10 GeV/nuc contribute 5-6% (in particle number) to LIS of GCR leading to the nucleonic fraction of heavier species to protons of the of proton contribution into Q, they overestimate 14 C production by heavier species of GCR, using outdated spectra.
163
This explains why the earlier results by MB99 and MB09 of 14 C production are systematically higher than our present 164 result.
165
Next we compare predictions of our model with other models' results for specific periods of time as shown in 
168
On the other hand, our yield function is generally consistent with others ( Fig. A.1 ), indicating that the difference must 169 be related to the treatment of incoming GCR particle spectra and/or geomagnetic shielding and not to the atmospheric 170 cascade simulations. Models other than that by O'Brien (1979) were based on theoretical calculations and included 171 outdated overestimated abundance of α−particles, which explains the difference as discussed above. Therefore, we 172 conclude that our model more correctly calculates the 14 C production as it agrees with the empirically-based models.
14 C production by solar energetic particles
We also calculated production of radiocarbon by solar energetic particles (SEP), because presently there is a wide 175 range of the results (e.g., Lingenfelter and Ramaty, 1970; Usoskin et al., 2006; Hudson, 2010; LaViolette, 2011) .
176
Here we compute the expected production of 14 C by the major known SEP events since 1951, using our calculated 177 yield function ( 
195
• We have calculated, using the new model and improved spectra of cosmic rays, the global production of 14 C, 196 which appears to be significantly lower than earlier estimates and closer to the values obtained from the carbon 197 cycle inventory. The calculated modern global production rate is 1.64 atom/cm 2 /sec, and the preindustrial rate
198
(1750-1900 AD) is 1.88 atom/g/cm 2 , which is essentially lower than earlier estimates of 2-2.5 atom/cm 2 /sec. for the last 50 years is estimated to be ≈0.25% of the total production.
205
• The present model provides an improved tool to calculate the 14 C production in the Earth's atmosphere. Using 
209
Supplementary materials related to this article can be found online at ...
210
This corresponds to the flux of secondary neutron with given energy F(E n , X) across a horizontal unit area, for the 231 unit flux of primary cosmic rays on the top of the atmosphere. On the other hand, for quasi-stationary flux of neutrons 232 this can be expressed as
where n n and v n are the concentration (in [MeV cm 3 ] −1 ) and velocity of neutrons with energy E n at the atmospheric 234 depth level X. Let us denote the integral columnar flux as
where X m = 1033 g/cm 2 is the total thickness of the atmosphere. Since our direct computations were performed down 236 to energy of neutrons E 1 =10 eV, we first computed the production of 14 C by these super-thermal neutrons,
where the outer integral is taken over the atmospheric height h, the concentration of target nuclei n j (h) is defined as a 238 product of the air density ρ and the content of the nuclei in a gram of air κ j , n j (h) = ρ(h)κ j ; σ j (E) is the cross-section isotopic distribution within these groups). Eqs. A3 and A2 can be transformed so that
All the cross-sections, used here, have been adopted from the Experimental Nuclear Reaction Database (EXFOR/CSISRS) 243 http://www.nndc.bnl.gov/exfor/exfor00.htm.
244
We note that all the processes related to leakage of neutrons from the atmosphere (to the space or to soil) as well 245 as their decay are accounted for in the direct simulation. uniform distribution of energy (in the laboratory frame) between its energy before the scattering E n and α E n (e.g.,
252
Chapter 7.2 in Fermi, 2010). Here
where A is the mass number of the target nucleus. Then the probability for a neutron with the energy E n (if E 1 ≤ 254 E n < E 1 /α) before elastic scattering on a nuclei j to have energy E after the scattering so that E < E 1 is (E 1 − 255 α j E n )/(E n (1 − α j )). Accordingly the "flux" (in the energy domain) of neutrons crossing the energy boundary E 1 to
256
(epi)thermal energies can be calculated as
or, using Eq. A2 as
Reactions involving neutrons are: (1) N14(n,p)C14; (2) O17(n,α)C14; (3) N14(n,γ)N15; (4) O16(n,γ)O17; (5) 259 O18(n,γ)O19 and (6) Ar40(n,γ)Ar41. Note that only reactions (1) and (2) lead to production of 14 C while others 260 simply provide a sink for neutrons. Cross-sections of neutron capture in all these reactions for energies below 10 eV 261 can be expressed as
where B j is a constant. Accordingly, the 14 C production by these neutrons can be calculated as
The bulk of radiocarbon 14 C is produced via reaction (1) and about 0.001% in reaction (2). This is the main channel
264
(95.8%) of the neutron sink. We have also considered leakage of neutrons from the upper atmospheric layers and decay
265
of neutrons during their thermalization. These processes appear to be unimportant. In addition, we also computed 266 possible contribution of secondary and primary protons to 14 C production via spallation reactions (e.g., O16(p,X)C14).
267
These reactions are responsible for a negligible contribution to the total production.
268
Then the final production of 14 C in the atmosphere by secondary neutrons corresponding to the primary cosmic 269 ray particle with given energy is the sum of G 1 and G 2 and forms a point in the yield function Y/π. 
270
